Diagnostic testing of low voltage cables by partial discharge measurement has several difficulties. One of them is that the cables are not designed to be partial discharge free at their test voltage. As partial discharge impulses may originate from numerous spots even in new cables, it is expected that impulses reach the termination with high repetition rate. The propagation of impulses in low voltage cables differs from the medium and high voltage cables; there is no lossy semiconducting layer or layers, but the cross section of the conductors are lower. The measurement method of partial discharges has to be adjusted to the discharge type and the propagation path as these determine the frequency content of the individual impulses, and the time resolution of the system has to be appropriate for the expected repetition rate. Measurements have been performed on various types of cables by different methods. Based on the results suggestions are given on the suitable measurement methods.
Introduction
The determination of the condition and possible damages of low-voltage cables is gaining importance, as they basically determine the safe operation of various critical systems [1] [2] [3] [4] . Low-voltage cables are not designed to be partial discharge (PD) free at their test voltage, as the voids are not necessarily filled in their construction. Fig. 1 shows the electric field in a 5 × 1.5 mm 2 YSLCY type cable. The resulting electric field is high enough to initiate partial discharges, as detailed in [5] .
As the electric field shown in Fig. 1 can initiate partial discharges at any point along the cable, relatively high repetition rates are expected, as shown in previous literature for similar but not identical arrangements [6] [7] [8] [9] . Therefore, the applicability of the various detection methods need to be verified. Fig. 2 shows the measurement arrangement used in this study. Three PD detectors were used, a conventional measuring device complying the IEC 60270:2000 standard [10] and two high-frequency current transformers with different bandwidths.
Experimental
The conventional measuring device, a Tettex 9120 detector [11] (later referred to as "IEC60270") has a bandwidth of 40 kHz to 200 kHz, thus behaving as an integrating amplifier for the PD impulses. Accordingly, the output of the device is proportional to the charge carried by the impulses, thus it yields (pico-) coulombs. Wider bandwidth detectors gained popularity recently, as they might provide better signal-to-noise ratio and the possibility of locating the impulses [12, 13] . The first high frequency current transformer (HFCT) is a HVPD HFCT100/50 type detector [14] (later referred to as MHz HFCT or HFCT-M), specially designed to measure partial discharge signals on ground leads of power cables and electrical installation. The bandwidth is 100 kHz to 20 MHz and the rise time is 20 ns. In case of higher voltage cables, this bandwidth is considered to give the most sensitive measurement [15] [16] [17] [18] [19] . The second HFCT is a very high bandwidth Tektronix CT -1 [20] device (later referred to as GHz HFCT or HFCT-G), originally designed for measuring high frequency electronics, however, the measurement was arranged in a way that it enabled the application of this device. The bandwidth of this device is 25 kHz to 1 GHz, with 350 ps rise time. The two HFCTs were connected on the ground lead, measuring the same current, while the conventional devices used a coupling capacitor in series with its detection impedance.
The tests were performed on two base types of cables, and various test specimens were created to cover most of the features that are assumed to have an effect on the repetition rate:
• the two types have different conductor construction, the SzRMKVM-J has solid while the YSCLY has stranded cores • investigated number of cores were 4, 5 and 7, • investigated cross-sections were 1.5 mm 2 , 2.5 mm 2 and 4 mm 2 , • investigated lengths were 2 m, 8 m and 32 m.
Filtering the recorded signals
In order to measure the small signals generated by the partial discharge impulses, very sensitive detectors are applied. This makes these methods prone to noise related problems. Accordingly, one of the most important tasks related to PD measurement is to establish a methodology that filters noise and respects the response of the measurement equipment. Our goal in this case is to estimate the number and frequency of discharges. Accordingly, signals coupled into the circuit (i.e. not showing the features of the response of the detectors) are filtered out, as well as the general noise level is determined.
Filtering the IEC60270 signal
The measuring device complying the IEC 60270:2000 standard [5] was originally not designed for further digital processing. The response of the device was intended to exhibit integrating behavior and to be satisfactory for internal processing by analog electronic methods. The response of the devices to a single PD impulse is damped wave, which may be oscillating or not. The devices most commonly used, including the one for this work, exhibit an oscillating response. Accordingly, for the sake of digital processing, e.g. to calculate the number of impulses, it is necessary to separate the individual impulses and delete the tail of the response.
The original, unfiltered response of the device is shown in Fig. 3 .
The first step is the application of a digital filter matched to the bandwidth of the detector. The next step of the processing is to select the local maximums of the signal as shown in Fig. 4 .
In case of the IEC60270 detector, the noise level was almost steady during the measurements; accordingly, a simple level-based filter was created. From this point, the absolute value of the signal was considered ( Fig. 5 ). In the next step, the exponential damping of the response was taken into account. As there is no method to know if a peak is just the result of the oscillation of a previous impulse or a new impulse, the exponential damping was applied to all impulses (Fig. 6 ).
The rule of filtering can be written as:
where i and N are indices of peaks; Δt is the time difference between the two peaks τ is the time constant of the response. This method ensures that one PD impulse appears as one single peak in the final signal ( Fig. 7) . In order to save calculation time, the filtering has only been calculated for a limited number of successive impulses, namely until the right side of the equation falls below noise level. It has to be noted that an unavoidable error is introduced: if an impulse is followed by another impulse in a select combination of amplitude and time delay (phase), the algorithm might filter it out. However, this error is inherent in the measurement method and applies to the original analog readings of the device, as the same filtering is implemented electronically. The second impulse will be filtered if Eq. (4) inequality is fulfilled.
where R 1 (t) and R 2 (t) are the response of the detector to the first and second impulse, respectively; Δt is the time difference between the two impulses; τ is the time constant of the response. Fig. 8 shows the relative amplitude -delay time combinations, where the detector rejects the second impulse.
As the time constant of the detector is around 50 μs, after 250 μs only very minor impulses are filtered. In contrast, if the successive impulse is close, it may even have higher amplitude if it arrives in opposite phase. This is the main reason why the application of high frequency current transformers with higher bandwidth and accordingly shorter response times may give more accurate results.
Filtering the signal of the high frequency current transformers
The processing of the HFCT signals also start with the FFT filter adjusted to the bandwidth of the sensor in question. As noise levels vary widely in the case of the HFCTs, the signals are filtered in two steps. In the first step, the impulses are augmented by calculating the convolution of the recorded signal with a pre-recorded sample of the response of the HFCT (Fig. 9 ).
After this step, the noise level was determined by the statistical distribution of the signal levels, using Eq. (5):
where i max is the most frequent signal level; i min is the lowest signal level. The method can be followed in Fig. 10 . The points in blue in the top image are filtered out. This level is shown by the red mark in the bottom figure (histogram of signal levels) . This is followed by a similar response time filtering, as shown for the case of the IEC60270 signal in Fig. 6 .
Repetition rate measurements on low-voltage cables
In order to get insight into partial discharge repetition behavior, several measurements have been performed and evaluated. Fig. 11 and Fig. 12 show the effect of the length of the cable.
Previous calculations have shown that partial discharges occur in low-voltage cables below their test voltage [4] . Assuming that the discharge locations are distributed evenly on a macroscopic scale, longer cables should exhibit higher number of impulses. The measurement results are in line with this expectation, showing an increasing, but saturating curve.
The saturation is caused by the fact that in case of increasing number of discharges, the probability of two impulses overlapping increases. On the other hand, impulses on the far end of the cable are damped more, accordingly the apparent repetition rate is decreased by the number of low magnitude impulses.
The construction of the conductor, solid or stranded and core number do not show any trend (Fig. 13) . In contrast, the repetition rate in the function of cross-section in case of 4 core cables exhibits the same behavior for solid and stranded core, a local maximum at 2.5 mm 2 (Fig 14. and Fig. 15 ).
As the dimensions and conductor construction of the cables change, the effective area -where the electric field is above critical -changes, as well [4] .
However, this is not necessarily a change, which shows a tendency in function of the aforementioned parameters. The constructions of the stranded cores change with cross-section, as well. Therefore, the expected behavior has to be estimated based on electric field calculations, which goes beyond the scope of this paper.
Discussion
The results shown in the previous section are average repetition rates, i.e. the number of impulses recorded over more cycles of the test voltage and divided by the length of the sample. Even these average values are relatively high, considering the conventional measurement methodology.
The conventional detectors usually have a limited impulse response capability. This is mainly due to the demand of the integrating behavior and the bandwidth limitation in order to decrease the noise level. These detectors have an impulse resolution capability in the microsecond range, 5 μs in case of the one used in these tests. The behavior of the detectors may be different in case of violation of the resolution:
• the detectors equipped with dead-time circuit underestimate the number of impulses, as the maximum repetition rate is limited to the reciprocal value of the dead-time, • the detectors without dead-time overestimate the magnitude of the discharges, as they allow the successive impulses to superimpose, • any device might ignore impulses if they appear in specific moments. Fig. 16 demonstrates these problems, where the abrupt changes in the response indicate that a new impulse superimposes on the response of a previous impulse. These occurrences are marked with arrows. The case marked with red arrow is an example when the two successive impulses are so close to each other in time that the response to the first impulse does not reach its first local maximum. Accordingly, the detector treats them as one larger impulse instead of two lower one.
In order to decide which detector is suitable and which is not, the actual time difference between the individual impulses has to be investigated. Fig. 17 shows the histogram of the time between impulses recorded at the same measurement for the three detectors. The two HFCTs show good agreement, while the IEC60270 device obviously ignored a high number of impulses that followed each other in close proximity.
Conclusions
In search of the appropriate partial discharge measurement method in low-voltage cables, the paper first discussed the detectors and signal processing methodology.
The compared detectors cover a wide range of bandwidth (200 kHz, 20 MHz and 1 GHz upper limit) and rise time or resolution (5 μs, 20 ns and 350 ps). The paper demonstrates that low-voltage cables exhibit high repetition rates of partial discharge activity. Based on the histogram of the times between impulses it is concluded that the limits of the IEC 60270 detector are violated frequently, accordingly, its application is not recommended. The results of the two HFCTs show good agreement, thus the application of the 1 GHz HFCT is not necessary, while the 20 MHz HFCT is the most suitable detector for the measurement of partial discharges in low-voltage cables.
